The ability of HIV-1 to establish an infection and replicate to high copy number in CD4 lymphocytes is dependent on both the activation state of the cell and virus-encoded regulatory proteins that modulate viral gene expression. To study these required virus-cell interactions, we have used an in vitro cell model of acute HIV infection of quiescent, primary CD4 lymphocytes and subsequent induction of T cell activation and virus replication by lectin or CD3 receptor cross-linking. Experiments were done to determine if the capacity of HIV to establish infection and complete replication was impacted by the maturational state of the CD4 cell target or the specific signal induction pathway engaged during activation. Primary CD4 cells were FACS-sorted into the major phenotypic subsets representative of memory (CD45RO) and naive (CD45RA) cells. Levels of virus replication were compared between infection with wild-type NL4-3 virus and an isogenic mutant containing a deletion in nef regulatory gene. PHA mitogen stimulation was compared with anti-CD3, with and without anti-CD28 costimulation, for induction of cell proliferation and virus replication. In both infected and uninfected cells, the RA cell subset exhibited significantly greater response to CD3/CD28 stimulation than […] Research Article
Introduction
Symptomatic HIV infection exhibits many hallmarks of systemic immune activation, including cytokine dysregulation and T cell stimulation (1) (2) (3) (4) . The life cycle of HIV-1 is particularly well-adapted to a host environment of chronic, active T cell stimulation. The ability of HIV to establish an infection and replicate to high copy number in CD4 lymphocytes is dependent on both the activation state of the cell and virus-encoded regulatory proteins that modulate viral gene expression. The presence or absence of cellular factors produced during T cell activation determines whether newly reverse-transcribed, HIV proviral DNA is maintained in an unintegrated or integrated form within the cell (5) (6) (7) (8) , and whether viral gene transcription progresses from early phase, regulatory products to late phase, structural products (9) (10) (11) . Of the encoded regulatory proteins essential for high level HIV replication, Rev, Tat, and Nef are known to interact, directly or indirectly, with induced cellular factors (12, 13) . In addition to regulatory protein-protein interactions, the long terminal repeat (LTR) 1 transcriptional promoter region of HIV contains sequence homology to several DNA-binding sites for cellular proteins that are involved in regulation of T cell gene transcription. LTR homologous binding sites exist for Sp-1, Oct-1, AP-1, NF-AT, NF-k B, and NRE (12) , all of which are induced during the process of T cell activation. It is known that LTR-driven transcription is responsive to cell activation (14) (15) (16) and that HIV replication in CD4 lymphocytes is linked stringently to T cell activation events and cell proliferation (17) (18) (19) .
Upon T cell stimulation in vivo, CD4 cells switch expression of membrane CD45 isoforms after induction by specific antigen (20, 21) . Based on this differential isoform expression, mature CD4 cells in the peripheral circulation have been divided into two reciprocal subsets associated with distinct phenotypes and functions. The high molecular weight isoform, CD45RA, is expressed by immunologically naive CD4 cells and the low molecular weight isoform, CD45RO, is expressed preferentially on the CD4 cell subset containing immunological memory function (22, 23) . Cells bearing RA and RO phenotypes have been found to differ in activation requirements, lymphokine secretion patterns, and adhesion molecule expression (23) (24) (25) . Until recently, the maturational switch from RA to RO expression has been believed to be fixed and irreversible; however, new data indicate that some RO cells can convert back to RA expression upon entering a quiescent state in vivo (26, 27) . With HIV disease, both subset phenotypes appear to be lost in equal proportions from the total CD4 lymphocyte population (28) (29) (30) (31) , but the functional capacity of the RO cell subset is affected more severely (28, (32) (33) (34) (35) . Addition-ally, it has been reported that samples of RO phenotype cells from HIV-infected patients contain 4-10-fold more viral DNA than do cells of the RA phenotype (36) . The biologic mechanism by which HIV may interfere selectively with RO cell memory function has remained elusive.
We have been interested in understanding how specific components of T cell activation pathways can interact to regulate HIV replication. Because the maturational phenotype of CD4 cells impacts its activation response to different stimuli, we have investigated the extent to which RA and RO phenotypic subsets can support HIV infection and replication under different conditions of cell stimulation in vitro. The results from this study demonstrate that HIV replicates preferentially in CD4 lymphocytes expressing the RO memory phenotype when cell activation is induced through the CD3 signal transduction pathway, and that the level of induced HIV replication is not linked directly to the level of induced cell proliferation.
Methods
Isolation of primary CD4 lymphocytes. Highly enriched preparations of CD4 lymphocytes were isolated from the peripheral blood of healthy, HIV-seronegative donors as described previously (37). Briefly, a lymphocyte fraction was obtained by Ficoll-Hypaque density gradient and monocytes were removed. CD4 lymphocytes were purified by negative selection with the panning method using a mixture of murine monoclonal antibodies specific for CD8, CD16, and CD22 (OKT8, Leu-11b, and Leu-14, respectively). The resulting cell preparations were at least 95% viable by trypan blue dye exclusion, and contained 94-98% CD4-positive lymphocytes as monitored by automated flow cytometry using FITC-conjugated monoclonal antibody to CD4 (Leu 3a ϩ b). The isolated CD4 cells were cultured overnight at 37 Њ C in RPMI 1640 medium supplemented with l -glutamine (1 mM), penicillin (50 U/ml), streptomycin (50 g/ml), and 5% human AB serum (vol/vol), negative for HIV and HBV antibodies.
Purification of CD45RO and CD45RA cell subsets. After physical isolation of CD4 lymphocytes by negative selection, the population was fractionated further by fluorescence-activated cell sorting (FACS ® ) into reciprocal subsets of positive and negative expressing cells for either the RO or RA isoform of the CD45 membrane receptor. Aliquots of 9-14 ϫ 10 7 CD4 cells were stained with either PEconjugated anti-CD45RO or FITC-conjugated anti-CD45RA (clones UCHL-1 and L48, respectively), and separated into positive and negative subsets using a FACStar Plus ® flow cytometer (Becton Dickinson Immunocytometry Systems, Mountain View, CA). Nonoverlapping cursor settings were used to limit inclusion of dimly staining cells in the recovered positive subset. After sorting, the isolated negativestaining subsets were purified to Ն 92% and the positive-staining subsets, to Ն 90%.
Virus infection. Infectious virus stocks of the NL4-3 clone of HIV-1 (38) and its isogenic nef deletion mutant ⌬ nef (37) were prepared by transfecting plasmid DNA into the CEM T lymphoblastoid cell line (39) with Lipofectin (40) . Working preparations of virus were derived from a single passage of the stock through the CEM line. Infectivity titers based on the 50% tissue culture infectious dose (TCID 50 ) were assessed by terminal dilution microassay with the MT-2 cell line (41) . End point titers were determined by p24 antigen assay (Abbott Laboratories, North Chicago, IL). Copies of virion RNA per milliliter in each virus preparation were measured by a bDNA assay (Roche Molecular Systems, Somerville, NJ); and the number of RNA copies per picogram of p24 was calculated. All working preparations of virus used in this study contained 2.5-3 copies of virion RNA per picogram of p24.
For infection, virus stocks were diluted in RPMI 1640 medium without serum and without polybrene to achieve equal inoculum doses of 0.5-0.7 pg of p24 per cell (equal to 0.1 TCID 50 /cell for wildtype NL4-3). Immediately after cell sorting and isolation of the phenotypic subsets, aliquots of 4-6 ϫ 10 6 quiescent lymphocytes in 1.0 ml were incubated with virus for 16-18 h at 37 Њ C. After infection, excess virus was removed by extensive washing with phosphate-buffered saline (PBS, Dulbecco A). Cell recovery was monitored by viable cell count with trypan blue dye exclusion. In experiments using PCR amplification to detect HIV DNA formation, virus preparations were filtered through a 0.45-m membrane before the determination of infectivity titers and quantitation of virion RNA. Our previous studies (42) determined that this procedure minimized potential inoculum contamination from viral DNA associated with cell membrane fragments.
Cell culture and induction of virus replication. After infection, the CD4 lymphocyte fraction and the isolated RO and RA cell subsets were resuspended in RPMI medium with 5% human AB serum and distributed into 96-well microtiter plates at 10 5 cells/200 l medium per well in triplicate. Cell stimulation with phytohemagglutinin (PHA-P) and recombinant interleukin-2 (rIL-2) was performed in round-bottom wells (Nunc). Stimulation of cells with immobilized anti-CD3 (Leu-4) and anti-CD28 (clone 9.3) was performed using flat-bottom ELISA plates (Corning) based on a modification of a published method (43) . Microtiter wells were coated with 1 g of goat anti-mouse immunoglobulin diluted in 0.05 M carbonate buffer (pH 9.8) by incubation for 90 min at room temperature; and then washed and incubated with PBS containing 1% HAB serum for an additional 30 min. Appropriate dilutions of anti-CD3 and anti-CD28 antibodies were added to replicate wells. After 30 min of incubation at room temperature, the wells were washed and the cell suspensions in RPMI culture medium were added.
Unstimulated, infected CD4 cells and uninfected cell controls were included for culture. To minimize experimental variation due to individual cell donor differences, a given experimental design was repeated two to four times using primary cells from different donors.
Quantitation of virus infection and replication. Productive virus replication was assessed by measuring soluble p24 antigen released into culture supernates. Samples of 100 l were taken from each microculture well after 4 and 7 d of cell stimulation, and stored at Ϫ 80 Њ C until completion of the experiment. Batch assays for p24 antigen quantitation were performed by the ELISA method. Supernates from infected, unstimulated cells and from uninfected cells were included as controls. Each p24 value represented the average of triplicate culture wells; equal volumes from the replicate samples were mixed together and the combined sample was then assayed for average p24 content.
Levels of virus infection, achieved in the CD4 cell subsets, were determined by PCR analysis. Cell samples were taken from quiescent cultures at sequential time points and stored at Ϫ 80 Њ C until the completion of an experiment. Total nucleic acids were extracted by lysing cells with incubation at 50 Њ C for 45 min in a buffer of SDS-NaCl-EDTA-Tris containing 200 g/ml proteinase K (44) . Nucleic acids were extracted from lysates with phenol-chloroform, precipitated with ethanol, and resuspended in 5 mM Tris (pH 8.3). Total DNA per sample was measured by a modification of ethidium bromide, dot blot quantitation (45) and sample aliquots were normalized to equal amounts of total input DNA. PCR amplification of HIV-1 DNA was performed as described previously (42) . Reaction mixtures, containing 50 mM Tris (pH 8.5), 15 mM (NH 4 ) 2 SO 4 , 2.5 mM MgCl 2 , 10 g bovine serum albumin, 0.2 mM deoxynucleotide triphosphates, and 0.25 g of each oligonucleotide primer, were boiled for 2 min, cooled, and held at 61 Њ C, and 2.5 U Taq DNA polymerase was added. Amplification was performed for 30 cycles of 94 Њ C for 1 min, 61 Њ C for 1 min, and 72 Њ C for 1 min. Two sets of primer pairs were used to amplify different regions of viral DNA based on sequence homology to NL4-3. The region spanning R to U5 within the 5 Ј LTR, U5/LTR, was detected using primers R11 and AA55 (42, 46) ; and the region spanning R and gag , LTR/ gag , with primers M667 and M661 (46) . Intersample variation was monitored by parallel PCR reactions measuring total cellular DNA using primers specific for human ␤ -actin (47) with 20 cycles of amplification.
Amplification products (5% of the reaction) were resolved by electrophoresis on nondenaturing, 6% polyacrylamide gels and electroblotted onto Zeta-Probe nylon membranes. The transferred products were denatured on the membrane with a 15-min treatment of 0.4 N NaOH, followed by a brief neutralization with 1 M Tris buffer (pH 7.4). Blots were hybridized with [ ␣ -32 P]ATP-end-labeled oligonucleotide probes specific for the DNA regions amplified. To detect cDNA products from amplifications using the R11/AA55 and M667/ M661 primer pairs, probe LTR/520 spanning positions 520-539 was used (42) . Probe 88-318 (47) was used with primers 317 and 319 to detect cellular ␤ -actin sequence. Hybridization with 25 ng of probe was performed for 1 h at 55 Њ C in buffer containing 1% SDS with SSPE, BSA, and polyvinylpyrrolidone and followed by two washes at 55 Њ C with 1% SDS in SSPE. Autoradiography was done with one intensifying screen at Ϫ 80 Њ C for 1-6 h.
Quantitation of cell proliferation. To determine the levels of cell proliferation generated by the different T cell stimuli, microcultures were pulsed with [ 
Results

Cell model for induction of T lymphocyte proliferation and HIV replication.
To evaluate conditions of T cell activation that induce HIV replication, an in vitro model of acute virus infection in primary CD4 cells was used (37). Preparations of negatively selected CD4 lymphocytes, purified from the peripheral blood of healthy, HIV-seronegative donors, were infected in a quiescent state by a 3-h incubation with the NL4-3 clone (38) of HIV-1. 1-4 d after infection, mitogenic stimuli were added to CD4 cell microcultures, and levels of induced cell proliferation and productive virus replication were determined. In our prior studies (37), a high concentration of PHA mitogen (3 g/ml) in combination with exogenous rIL-2 was used to ensure optimal stimulation of purified CD4 cell cultures in the absence of accessory cells. It is known that PHA provides a potent stimulus to T cells by engaging both CD3 and CD2 surface membrane receptors (48) . In the natural, in vivo setting of antigen stimulation of T cells, a positive response is dependent on simultaneous engagement of the T cell receptor (TCR)/CD3 complex and the CD28 receptor on the T cell membrane (49, 50) by the antigen-presenting cell. This dual-signal induction response for T cell activation can be mimicked in vitro by physically cross-linking the CD3 and CD28 receptors with immobilized monoclonal antibodies (43) . In our present study, we compared the effectiveness of a range of PHA concentrations, in the presence or absence of exogenous rIL-2, with the two-signal induction response using immobilized antibodies to CD3 and CD28. Costimulation of infected CD4 lymphocytes through their CD3 and CD28 membrane receptors resulted in significantly greater, and earlier, HIV production compared with stimulation achieved with an optimal concentration of PHA in the presence of rIL-2 (Table  I) . A high dose of immobilized anti-CD3 (12.5 ng/well) was capable of inducing substantial cell proliferation and virus replication without a requirement for anti-CD28 costimulus. However, when the amount of anti-CD3 was decreased by fourfold dilutions, both cellular and viral responses became dependent on addition of the anti-CD28 second signal (Table I ). Based on these results, concentrations of PHA mitogen and immobilized anti-CD3 antibody were chosen to test the responsiveness of separated, phenotypic subsets of CD4 lymphocytes.
We proposed to use FACS ® to purify CD45RA (RA) and CD45RO (RO) phenotypic cell subsets (20) (21) (22) from the preparations of isolated CD4 lymphocytes. Before proceeding, experiments were performed to determine the effects of antibody binding on the ability of CD4 cells to respond to proliferative stimulus. Aliquots of CD4 cells were stained with ‡ HIV replication measured by soluble p24 production on days 4 and 7 after stimulation. § Anti-CD28 antibody (9.3), 1/10,000 final dilution. Anti-CD3 antibody (Leu-4), concentration in ng/well. PHA concentration in g/ ml. rIL-2, 5 U/ml.
anti-RA-FITC or anti-RO-PE monoclonal antibodies and then cultured for 3 d in medium alone or in the presence of immobilized anti-CD3. After culture, the percentage of cells retaining the original conjugated antibody on their surface and their proliferative responses were measured (Table II) . Anti-RA antibody was shed from the cultured cells whether they were unstimulated or stimulated, but anti-RO antibody was retained on a majority of the cells, even after activation. In both cases, however, the proliferative responses were the same as that of the unstained cell aliquot (Table II) . These preliminary experiments reassured us that isolation of the RA and RO subsets by FACS ® would not alter their capacity to respond to T cell stimuli.
Purification of RO and RA phenotypic subsets. Before infection and culture, a portion of the CD4 lymphocyte preparation was fractionated by FACS ® into reciprocal subsets of positive and negative expressing cells for either the RO or RA isoform of the CD45 membrane antigen. In the first set of experiments, cells were sorted based on staining with PE-conjugated, anti-RO antibody. With a group of four healthy donors, the starting percentages of the stained subsets were 50 Ϯ 6% (mean Ϯ 1 SD) for the RO-positive fraction, and 42 Ϯ 6% for the RO-negative fraction. After sorting by FACS ® , the ROpositive (memory) subset was purified to 92 Ϯ 1% and the ROnegative (naive) subset was purified to 96 Ϯ 3%. Single antigen selection of these subsets does not result consistently in the recovery of true reciprocal memory and naive phenotype populations, because the RO-negative subset is not always equivalent to a RA bri -positive subset (26, 27) . To ensure that CD4 cell fractionation based on RO staining would not inadvertently skew results obtained with subsequent cell-induction experiments, three of the cell donors were retested using subsets isolated with FITC-conjugated, anti-RA antibody staining. In this format, the starting subset percentages were 44 Ϯ 2% for the RA-positive fraction, and 48 Ϯ 2% for the RA-negative fraction. After sorting, the RA-positive (naive) subset was purified to 91 Ϯ 3% and the RA-negative (memory) subset was purified to 95 Ϯ 3%. Fig. 1 shows the results from representative sorting procedures. Although cursors were set to exclude the dimly stained fraction of either RO or RA positive cells, the inherent staining pattern of CD45RA expression made it more difficult to separate RA bri cells from RA dim cells. HIV replication in the RO and RA subsets of CD4 cells. Levels of HIV replication induced by PHA mitogen stimulation were compared with levels of virus replication achieved by plus anti-CD28 (Fig. 2 B) produced approximately threefold greater HIV replication than did stimulation with an optimal concentration of PHA in the presence of rIL-2 (Fig. 2 A) . Levels of virus replication in the RO and RA subsets were similar after PHA induction; however with anti-CD3/anti-CD28 stimulation, the RO subset produced four-to sixfold more HIV than did the RA subset (Fig. 2, A and B) . Less virus was induced from infected RA cells in response to anti-CD3 stimu- Figure 2 . Induction of HIV replication in RO and RA subsets of CD4 cells. Primary CD4 lymphocytes were FACS ® -sorted into RO-positive and RO-negative subsets, based on positive selection using anti-RO monoclonal antibody. Total CD4 cells and the isolated cell subsets were infected with the NL4-3 and ⌬nef clones of HIV-1 for 18 h before the addition of cell stimuli. T cell activation was induced by the addition of: (A) PHA mitogen at 0.3 and 1 g/ml, alone (striped bars) or in the presence of 5 U/ml exogenous rIL-2 (white bars); or (B) immobilized anti-CD3 antibody at 3 and 12.5 ng/well, alone (black bars) or in the presence of costimulatory anti-CD28 antibody (white bars). Soluble p24 antigen production was measured on day 7 after cell stimulation in microcultures infected with NL4-3 (NL) or ⌬nef. Data represent the mean values of four experiments, using cell preparations from different donors.
lus, alone or in combination with anti-CD28. In contrast to the significant additive effect of CD28 costimulation on HIV induction from the RO subset, only minor increments in virus replication were produced in the RA subset by addition of anti-CD28 to anti-CD3 stimulus (Fig. 2 B) . The relative difference in the capacity of RO and RA cell subsets to support HIV replication was even more apparent when cultures were sampled early after CD3 induction. Although the levels of measured p24 were lower overall after 4 d of cell stimulation, the difference in relative levels of virus replication between RO and RA cells was greater: 20-35-fold at day 4 compared with 4-6-fold at day 7 (data not shown). HIV replication was high initially in the RO cell subset and approached a plateau level by day 7; however in the RA subset, viral replication began at a low level and continued to increase exponentially between 4 and 7 d of culture. These results indicated that stimulation of HIV-infected, CD4 cells through CD3/CD28 signal induction provides an enhanced cellular environment for virus replication preferentially in the RO phenotype subset associated with T H memory function. In addition to the requirement for cellular factors provided through activation, HIV replication is also influenced significantly by viral regulatory gene products (12) . A prior report from our laboratory demonstrated that the nef gene of HIV-1 is critical to virus replication in primary CD4 cells (37). To examine the contribution of nef function to HIV replication in the major, maturational subsets of CD4 lymphocytes, infection of RO and RA cells with the ⌬nef isogenic mutant of NL4-3 (37) was performed in parallel. As expected, the ⌬nef virus had a significantly reduced capacity ‫ف(‬ 1 log) to replicate in CD4 cells, after induction with PHA (Fig. 2 A) . No difference was seen in the ability of PHA-induced, RO and RA cell subsets to support replication of the nef mutant. Induction of infected CD4 cells with anti-CD3 with or without anti-CD28 stimulation resulted in a similar 1 log difference in viral replication levels between ⌬nef and parental NL4-3 clones (Fig.  2 B) . However, in this case most of the detected ⌬nef replication occurred in the RO cell subset. 7 d after cell stimulation, the level of ⌬nef replication in RO cells was ninefold greater than it was in RA cells. In comparison, the relative difference in wild-type NL4-3 replication between the two cell subsets was fivefold. It appeared that a lack of nef function affected HIV replication capacity more severely in an RA, naive cell environment responding to anti-CD3 induction.
Levels of cell proliferation induced in RO and RA phenotypic subsets. To determine any relationship between the levels of HIV replication obtained in RO and RA cell subsets and the levels of cell proliferation induced, separate microcultures of infected and uninfected cell samples were assessed for [ 3 H]thymidine uptake in parallel with the viral replication assays described above (three of four donors). Replicate cultures were harvested for analysis after 4 d of stimulation. Overall, induction with anti-CD3 in combination with anti-CD28 produced levels of cell proliferation that were at least fivefold greater than those induced with PHA plus rIL-2 (Fig. 3) . In uninfected cell cultures, the RA subset proliferated to approximately twice the level of the RO subset, using both types of induction stimuli (Fig. 3) . Cultures infected with NL4-3 or ⌬nef virus did not exhibit proliferation patterns different from that of the corresponding uninfected cell control, except for NL4-3 infection of RO cells. Under conditions of CD3 plus CD28 costimulation, RO cells infected with wild-type NL4-3 proliferated to 55% of the uninfected, cell control level (Fig. 3 B) . The majority of this reduction was confined to that portion of the response elicited through CD28 costimulation. In comparison, RO cells infected with the ⌬nef mutant did not exhibit any significant reduction in proliferative response. Reduction of RO cell proliferative response during wild-type infection was not attributable to overt viral cytopathic effects, because no appreciable cell death occurred at this early time point. The pattern of proliferation, induced in the CD4 cell subsets by CD3/CD28 costimulation, was in direct contrast to the pattern of induced HIV replication. Although the RA subset proliferated to twice the level of the RO subset, HIV replication occurred preferentially in the stimulated RO cell subset (Figs. 2 B and 3 B) . These results demonstrated that the capacity of primary CD4 cells to support HIV replication is not linked solely to the capacity of cells to proliferate. Both the maturational stage of the cell and the engagement of specific signaling pathways contributed to the resulting level of virus production in memory and naive phenotypic subsets.
Comparison of results using cell subsets selected with CD45RA staining To ensure that the initial method used to isolate reciprocal cell populations of memory and naive phenotypic subsets did not influence the outcome of functional assays, additional experiments were performed using anti-RA antibody selection. CD4 lymphocytes were separated into RApositive and RA-negative (RO) subsets by FACS ® . Assays of viral replication and cell proliferation were repeated using cell preparations from three of the original donors. The relative patterns of HIV replication (Fig. 4 A) and T cell proliferation (Fig. 4 B) , seen in the reciprocal cell subsets, were not significantly different from those obtained with cells fractionated by anti-RO antibody selection. Some alterations in the magnitude of proliferation were noted in response to the additive effect of anti-CD28 costimulation (Fig. 4 B) . These data confirmed our prior results.
Susceptibility of RO and RA cell subsets to viral infection. It was possible that the difference in HIV replication observed between RO and RA cell subsets was due to a relative difference in cell susceptibility to infection. Because the differences in viral replication were selective for anti-CD3 induction and were not enhanced by multiple infection cycles, it seemed unlikely that variation in HIV infectivity was the cause for such results. To clarify our interpretation of these data, PCR analysis was performed for HIV DNA formation after viral infec- tion. RA-positive and RA-negative cell subsets were obtained by FACS ® selection. Total CD4 cells and the separated cell subsets were infected with the NL4-3 and ⌬nef clones for 18 h, washed extensively to remove excess inoculum, and maintained in culture without stimulation. Aliquots of uninfected cells and cells infected in the presence of azidothymidine (AZT) were included as controls. Cell samples were taken immediately after infection (day 1) and on days 4 and 7 after infection. PCR amplifications were done using primer pairs to detect both early (U5/LTR) and late (LTR/gag) species of HIV-1 DNA (6, 42). Fig. 5 shows the results from a representative experiment. No difference was detected in the amounts of early viral DNA found in RO and RA subsets after incubation with NL4-3, indicating equal HIV infection of the cell subsets. In addition, the kinetics and quality of RT processing to late, viral DNA species appeared equal in RO and RA cells. Overall, infection with the ⌬nef mutant produced levels of viral DNA formation that were lower than those detected with NL4-3, wild-type infection (Fig. 5) . However, there was no difference in the amount or kinetics of ⌬nef DNA formation seen between infection of the RO and RA cell subsets. The same experimental design was repeated using three different cell donors, and the results were similar in each experiment. These data demonstrated that observed differences between RO and RA subsets to support HIV replication are not due to differences in relative cell susceptibility to infection.
Discussion
Taken in their entirety, the results from this study demonstrate that memory phenotype, CD4 lymphocytes support high levels of HIV replication selectively through the contribution of specialized cellular factors, generated from engagement of the CD3/TCR transduction pathway. We have used an in vitro model that physically cross-links CD3 and CD28 membrane receptors with immobilized antibodies to mimic the biologically relevant, dual-signal induction response that occurs during antigen presentation for T cell clonal expansion (49, 50) . In this experimental model, cross-linking of the CD3 receptor in combination with the CD28 coreceptor provided a very potent stimulus for primary CD4 cell proliferation. Use of anti-CD3/ anti-CD28 costimulus generated a proliferative response that was consistently fivefold greater than that of optimal PHA mitogen stimulation in the presence of exogenous IL-2. In concert with enhanced cell proliferation, stimulation by anti-CD3/ anti-CD28 produced approximately threefold higher levels of induced HIV replication than did PHA stimulation in infected CD4 lymphocytes. Our results differ from those of a recent report (51) that showed inhibition of HIV infection by anti-CD3/ anti-CD28 costimulation. In contrast to our experimental design using infection of resting cells followed by induction with T cell stimuli, these investigators prestimulated PBMC or CD4 lymphocyte cultures for 3 d before infection with a lowgrowth, monocyte-trophic strain of HIV. It is possible that levels of membrane expression for the CD4 receptor and/or the chemokine coreceptors of HIV (52) are modulated in a transient, or sustained, manner after CD28 costimulation, and this could affect cellular capacity for viral binding and entry.
Patterns of differential HIV response to T cell stimuli, similar to those seen with in vitro models, have been reported for peripheral blood lymphocytes taken from HIV-infected subjects (28, 32, 33, 35) . Not all T cell stimuli have been found to Figure 5 . PCR analysis of HIV infectivity in CD45RO and CD45RA cell subsets. CD4 cells were FACS ® -sorted into RO and RA subsets using anti-CD45RA antibody selection. Total CD4 cells and the isolated cell subsets were infected with NL4-3 and ⌬nef for 18 h and washed extensively to remove excess virus. Cells were cultured without stimulation; cell samples were taken immediately after infection (day 1), and at 4 and 7 d after infection. Nucleic acids were extracted, and total genomic DNA was equalized to 35 ng per sample using a modified ethidium bromide quantitation method. (A) PCR amplification was performed using primer pairs detecting initial reverse-transcribed (U5/LTR) and full-length, minus strand (LTR/gag) DNA species of HIV. Day 1 samples of uninfected cell controls (CC) and cells infected in the presence of 3 M AZT were analyzed in parallel. Amplification of cellular ␤-actin was included as a control for intersample variation. (B) The HIV-infected cell line 8E5 was diluted serially into a cell background of primary CD4 cells to derive a HIV DNA standard curve for relative quantitation. Autoradiography was done for 2 h for HIV DNA and 3 h for cellular ␤-actin.
be equivalent in their capacity to induce productive viral replication from CD4 cells of HIV-infected patients. Although the best inducers of in vitro HIV replication, such as lectins and immobilized antibodies to CD3, share strong mitogenic properties, the ability of a stimulus to produce cell proliferation has not always correlated directly with its capacity to induce virus replication in cells from HIV patients (28, 35, (53) (54) (55) . Most recently, data generated from patient samples have demonstrated that in vitro induction with immobilized anti-CD3 plus anti-CD28 results in a loss of HIV-producing cells and a preferential survival of uninfected CD4 cells during long-term culture (51) . The authors of this study also arrived at a conclusion similar to ours, that individual routes of T cell activation result in differential effects on the ability of HIV to replicate.
In addition to the effects ascribed to different T cell stimuli, the maturational state of CD4 lymphocytes also influences both the degree of cell proliferation and the capacity to support productive HIV replication. In agreement with prior studies (23, 33, 35, 56) , we have found that cells expressing the naive, CD45RA phenotype proliferate to higher levels (approximately twofold) in response to mitogens than do cells with the memory, CD45RO phenotype. Despite their proliferative advantage, RA cells supported less HIV growth than RO cells, when induction occurred through the CD3 activation pathway. If PHA mitogen was used to stimulate the infected CD4 cell subsets, RA and RO cells produced similar amounts of virus. Studies that have used isolated cell subsets from HIVinfected subjects have reported similar findings (30, (34) (35) (36) 57) . PHA stimulation has been found consistently to generate HIV replication equally in naive and memory phenotype cells (34) (35) (36) ; whereas, stimulation with immobilized anti-CD3 antibodies has induced virus replication preferentially in the memory cell subset from HIV-infected patients (30, 35, 57) . It has been suggested that the RO and RA isoforms of membraneexpressed CD45 may deliver quantitatively different activation signals influencing the CD4 and CD3 receptor pathways (58, 59) . It is known that the phosphatase activity of CD45 is essential for activation of CD4-associated p56/lck during triggering of the TCR/CD3 signaling cascade (59) . The results from our study, as well as the findings with HIV-infected subjects (35, 53, 54, 57) , indicate that cell proliferation per se is less critical for support of HIV growth than is the specific, cell activation pathway engaged. This premise is bolstered by work from another laboratory, demonstrating that RA cells support minimal HIV replication, when induced to proliferate using a cytokine stimulus that maintains their RA phenotype (60) .
Along with requirements for cell activation factors, HIV replication is dependent on viral factors that mediate a positive regulatory feedback (11, 12). The nef gene of HIV-1 has been identified as a member of the group of essential, viral regulatory genes (13) . The mechanism and action of Nef protein product remain unclear; however, accumulating data suggest that Nef positively affects viral replication capacity indirectly through interaction with components of T cell activation pathways (13, (61) (62) (63) (64) . Expression of Nef in vitro has been demonstrated to cause perturbation of normal T cell functions, including downregulation of CD4 receptor expression (65, 66) , IL-2 gene transcription (67), and NF-k B and AP-1 induction (68, 69) . In prior studies with our primary CD4 cell model, we have found that nef exerts a significant positive influence on HIV replication during induction from a preexisting latent state in quiescent lymphocytes (37). Using a deletion mutant of nef, we have now examined whether nef function is affected by the maturational state of the infected CD4 target cell. With PHA induction, the nef mutant of HIV was crippled severely in its ability to replicate in both RO and RA cells; but in the setting of CD3 stimulation, the lack of nef resulted in a more selective loss of HIV replication capacity within the RA cell subset. These data suggest that nef gene function may be critical in vivo for HIV infection and replication in naive phenotype cells.
In our in vitro model, enhanced replication of HIV in RO phenotype cells is dependent on the specific use of CD3 stimulation; therefore, we have not interpreted these results to be indicative of preferential HIV infection of the RO subset. However, other investigators have reported finding increased levels of HIV DNA in memory phenotype CD4 cells from HIV-infected patients and after acute infection of control cells in vitro (36) . To examine relative levels of HIV infection that were achieved in our experiments, PCR amplifications for viral DNA were performed at sequential time points after infection on aliquots of unstimulated cells from the isolated RO and RA subset preparations. Detected levels of the earliest formed species of HIV DNA were equivalent in RO and RA cells; and RT processing to late species of viral DNA was the same in both phenotypic subsets. Additionally, a high level of viral replication was found in the RO cell subset early after induction with anti-CD3 and was not enhanced selectively by multiple infection cycles. These experiments determined that preferential HIV replication observed in acutely infected RO cells was not due to an inherent difference in cell phenotype susceptibility to infection. Because recent reports have demonstrated that Fusin and CCR5 chemokine receptors serve as secondary receptors in HIV infection for SI and NSI viral phenotypes, respectively (52), we were concerned that our findings might be restricted to infection by SI strains. To address this point, we have repeated our experimental design and included parallel infection with an NSI strain of HIV, JR-CSF (70) . Results with the JR-CSF and NL4-3 viral strains were identical, showing consistent preferential HIV replication in the RO phenotype subset.
In studies using RO and RA cells isolated from HIV-infected subjects, preferential replication of virus in the RO subset has also been dependent on the specific stimulus used for induction. Stimulation by PHA mitogen or allogeneic cells has produced equal induction of HIV replication in RO and RA cells from patients (30, 35, 36) ; but, stimulation through CD3 crosslinking has resulted generally in preferential induction from the RO subset (35, 57) . It is difficult to extrapolate directly from findings with in vivo infected cells to an in vitro model, because it is thought that a large portion of HIV DNA found in peripheral blood lymphocytes represents defective, nonviable virus (71). Increased levels of HIV DNA that have been found in RO cells from patients may not reflect an increased susceptibility of this phenotypic subset to infection. Rather, it may represent greater spread of HIV within the RO cell subpopulation due to increased exposure to high virus concentrations, encountered during clonal expansion of infected-cell members. Alternatively, increased HIV load within the RO cell subset may reflect the outcome of reciprocal loss of viral DNA from infected RA cell subpopulations that lack appropriate stimuli or that respond to nonantigenic or cytokine stimuli (60) . However, in a series of preliminary experiments, we have found that HIV DNA is not lost from in vitro infected RA cells during long-term culture.
Many studies have examined whether memory or naive CD4 cells are affected differentially during the course of HIV disease. Most investigations have failed to find a preferential, quantitative loss in either phenotypically defined subset (28) (29) (30) (31) . A recent report (72) , looking at coexpression of CD62L adhesion/homing antigen, has described a selective loss of true naive CD4 cells (RA ϩ CD62L ϩ ) with disease progression. In contrast to a lack of preferential quantitative loss, the functional capacity of memory phenotype, CD4 cells has been found consistently to be compromised in patients with HIV infection (28, (32) (33) (34) (35) . Isolated preparations of RO cells exhibit reduced effector capacities to proliferate and secrete lymphokines in response to specific recall antigens or CD3 cross-linking (29, 32, 33, 73) . In addition, the RO subset of CD4 cells has been found to be more susceptible than the RA subset to activation-induced death in culture (34, 35) . The data from our study, using acute HIV infection in vitro, are not inconsistent with these findings from in vivo studies indicating that CD4, memory cell function is affected more severely by HIV disease. The ability of HIV to replicate more efficiently in RO cells might be expected to increase transmission of virus within a population of antigen-primed cells and to contribute subsequently to increased cell dysfunction and susceptibility to activation-induced death.
The findings from our study are perhaps most relevant to understanding the basic biology of HIV-induced pathogenesis. The ability of HIV to replicate preferentially within CD45RO memory phenotype cells after CD3 stimulation may reflect simply the biologic adaptations that HIV has evolved to propagate itself effectively within an infected primate host. The selective utilization by HIV of cell activation pathways that involve CD3 and CD28 signaling is biologically relevant to the in vivo process of antigen presentation required for CD4 cell clonal expansion. Also, the preference for an RO phenotype cell milieu for viral propagation targets the cell population containing functional memory clones, which constantly undergo chronic cycles of expansion in response to common environmental antigens. Thus, HIV appears to have taken advantage of the very same regulatory pathways that govern normal CD4 lymphocyte proliferation and differentiation.
